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INTRODUCTION
At least six major types of Clustered regularly interspaced short palindromic repeats and the associated operon (CRISPR-Cas) systems have been defined in bacteria and archaea. They provide an RNA-based adaptive immune system in prokaryotes against foreign genetic elements such as phages and plasmids (Barrangou et al., 2007; Bolotin et al., 2005; Brouns et al., 2008; Hale et al., 2009; Makarova et al., 2006; Marraffini and Sontheimer, 2008; Mojica et al., 2005; Pourcel et al., 2005) . Proteins in the cas operon assist the integration of short foreign DNA-derived spacers into the CRISPR locus to establish immunity (adaptation), the processing of the CRISPR array transcript into RNA guides (crRNA biogenesis), and the crRNA-guided detection and degradation of the target DNA or RNA (CRISPR Interference) (Jiang and Doudna, 2015; Mohanraju et al., 2016) . CRISPR-Cas systems are further divided into two classes and multiple subtypes therein Shmakov et al., 2015) . Class 1 systems (type I, III, and IV) employ a multi-subunit effector complex to achieve interference, whereas class 2 systems (type II, V, and VI) employ a single protein effector (Makarova and Koonin, 2015) .
Type I systems are the most widely distributed CRISPR system, and have been utilized to control gene expression and cell fate (Caliando and Voigt, 2015; Luo et al., 2015) . They are further divided into seven subtypes (I-A to I-G) based on the cas operon features, with type I-E being the most extensively studied subtype (Makarova and Koonin, 2015) . It has been established that during CRISPR interference, the CRISPR-associated complex for antiviral defense (Cascade) uses crRNA as a guide to identify 32-35 bp of matching dsDNA (protospacer) flanked by an optimal protospacer adjacent motif (PAM) (Mojica et al., 2009 ). The target-searching process involves DNA unwinding, duplex formation between the crRNA spacer and target DNA strand, and displacement of the non-target DNA strand to form an R-loop structure, all in the absence of external energy input (Brouns et al., 2008; Westra et al., 2012; Wiedenheft et al., 2011a) . In a subsequent step, the nuclease-helicase enzyme Cas3 is recruited to processively degrade the non-target and target DNA strands sequentially (Hochstrasser et al., 2014; Mulepati and Bailey, 2013; Sinkunas et al., 2013; Westra et al., 2012) .
Considerable efforts have been devoted to understanding the target-searching mechanism by Cascade. Cryo-electron microscopy (cryo-EM) (Hochstrasser et al., 2014; Wiedenheft et al., 2011a) and crystal structures (Jackson et al., 2014; Mulepati et al., 2014; Zhao et al., 2014) of E. coli Cascade in free and ssDNA-bound states defined a seahorse-shaped architecture. An intriguing homology-searching mechanism was revealed, by which Cascade promotes segmented 5-bp pseudo-A-form heteroduplex formation between the crRNA spacer and the target strand protospacer; base-pairing at every 6 th position is disrupted by a thumb element from Cas7 subunits. PAM recognition precedes DNA unwinding, as a mechanism to avoid autoimmunity by mistargeting the spacers in the CRISPR locus (Marraffini and Sontheimer, 2010) . Unlike Cas9 and Cpf1,
Cascade recognizes a promiscuous set of PAM sequences. The 2.45 Å structure of E. coli Cascade bound to a bifurcated R-loop mimic rationalized this promiscuity based on the observed DNA minor groove contacts (Hayes et al., 2016) . Bulk and single molecule biochemistry data suggest that R-loop formation likely initiates from the PAM-proximal side and propagates in a directional fashion to the PAM-distal side (Rutkauskas et al., 2015; Semenova et al., 2011; Szczelkun et al., 2014) . The first 7-8 nucleotides in the protospacer are more stringently specified than the rest, hence defined as the seed sequence region (Semenova et al., 2011; Wiedenheft et al., 2011b) . Full R-loop formation was thought to trigger a ''locking'' mechanism to stabilize the R-loop (Rutkauskas et al., 2015) . Conformational changes in Cascade accompany the R-loop formation process, which was thought to prepare Cascade for Cas3 binding (Hayes et al., 2016; Mulepati et al., 2014; Wiedenheft et al., 2011a) . Noncanonical or PAM-independent R-loop formation was also observed in single molecule experiments (Blosser et al., 2015; Redding et al., 2015) . Although the nature of such R-loops is poorly understood, it is thought that they play a role in triggering a process called ''primed adaptation,'' in which Cascade and Cas3 drive the preferential acquisition of new spacers from dsDNA containing a near-cognate target (Blosser et al., 2015; Datsenko et al., 2012; Fineran et al., 2014) . R-loop formation is an essential event in many RNA-guided processes. In CRISPR-Cas systems, this involves a complicated set of conformational changes in both the DNA substrate and the surveillance complex (Jiang and Doudna, 2015; Nishimasu and Nureki, 2017) . The available structure snapshots only captured the apo and the post-R-loop states, but did not resolve the sequence of events in between. In this study, we present two cryo-EM structures of the type I-E Cascade from Thermobifida fusca (TfuCascade) that forms a seed sequence bubble and a full R-loop structure, at 3.8 Å and 3.3 Å resolution, respectively. The former snapshot provides important insights about the early events leading to R-loop formation, by revealing that PAMrecognition is coupled with DNA bending and spontaneous DNA unwinding, leading to 11-bp DNA-crRNA heteroduplex formation. The latter snapshot reveals that: (1) only upon complete R-loop formation does TfuCascade undergo a conformational change, enabling Cas3 binding; (2) the target DNA strand is physically locked by TfuCascade, which is a unique mechanism in TfuCascade to confer exceptional thermostability; and most importantly, (3) TfuCascade creates a bulge in the non-target DNA strand, enabling Cas3 to nick DNA efficiently. Collectively, these structural snapshots solidify the set of mechanisms governing the PAM-dependent R-loop formation, Cas3 recruitment, and substrate handover processes.
RESULTS
In Vitro Reconstitution of the Cascade/dsDNA Complex Previously, we reported a 2.45 Å crystal structure of E. coli Cascade forming an R-loop mimic upon binding to a partially duplexed DNA, and hypothesized a set of key mechanistic steps that occur during R-loop formation (Hayes et al., 2016) . Efforts to capture additional structure snapshots before, during, and after the R-loop formation were unsuccessful in the E. coli system. We therefore redirected efforts to a thermophilic type I-E system from Thermobifida fusca (Huo et al., 2014) (Figure 1A ). The intact TfuCascade was recombinantly expressed in E. coli, and the PAM recognition, Cas3 recruitment, and target DNA cleavage steps were biochemically reconstituted (Huo et al., 2014) (Figures S1A-S1G ). The T. fusca Cascade is advantageous for mechanistic study due to its steep temperaturedependent R-loop formation behavior. In the KMnO 4 footprinting assay, which cleaves single-stranded thymidines as DNA unwinds, R-loop formation was found to be robust at 58-62 C, less efficient at 37 C, and undetectable at lower temperatures ( Figure S1H ). Electrophoretic mobility shift assay (EMSA) mirrored the footprinting finding; the TfuCascade/dsDNA complex migrated as a slow and fuzzy band at lower temperatures, but as a sharp and faster band at 58--62 C ( Figure S1I ). This electrophoretic difference was interpreted to reflect the DNA curvature differences before and after R-loop formation (Figure S1J) . Furthermore, we observed that the slow-migrating band could be chased to the faster one by a 30 s high-temperature incubation prior to EMSA, suggesting that the low-temperature incubation introduced a kinetic barrier in the R-loop formation process ( Figure 1B) . Interestingly, additional KMnO 4 footprinting experiments revealed that a prolonged low-temperature incubation (over 12 hr at 10 C) led to the formation of an intermediate, in which a small R-loop was opened at the seed sequence region (seed-bubble; Figure 1C ). This is a hypothetical R-loop intermediate that was speculated to form transiently and stochastically (Semenova et al., 2011; Wiedenheft et al., 2011b) ; here we were able to synchronize the TfuCascade into this functional state for structure-function interrogation.
Å Cryo-EM Reconstruction of T. fusca Cascade Displaying a Full R-Loop
To capture the post R-loop formation conformation, we incubated TfuCascade with a dsDNA target at a 1:1.5 molar ratio at 60 C for 30 min, followed by size-exclusion chromatography (SEC) purification to remove the unbound DNA. The 58-bp dsDNA substrate contains a 10-bp upstream region, a 5 0 -AAG PAM, a 32-bp protospacer region, and a 12-bp downstream region. Cryo-EM images of this TfuCascade-dsDNA complex demonstrate particles with homogeneous size and excellent image contrast ( Figure S2A ). Two-dimensional (2D) averages of cryo-EM particle images revealed structural details such as the segmented Cas7.1-6 backbone ( Figure S2B ). The final 3D reconstruction reached an overall resolution of 3.3 Å , allowing unambiguous main chain tracing and side chain assignment in most regions (Figures 2A-2C , S2C-H, S3). Some periphery regions are less well resolved, including the Cas6e/crRNA 3 0 -handle, which was modeled from the E. coli structure, and the finger domain of Cas7.6, whose density was too degenerate to model (Figure 2 , Movie S1).
The T. fusca Cascade adopts a similar sea-horse-shaped architecture as the E. coli Cascade, featuring a crRNA-displaying helical backbone, comprised of Cas5e, Cas7.1-6, and Cas6e, and an inner belly, comprised of Cse1 and the Cse2.1-2 dimer (Figures 2, S4 ). While each subunit aligns reasonably well between the two Cascades, significant conformational differences exist ( Figure S4 ). For example, the finger domain of TfuCas7s adopts a different conformation and contains different structure features ( Figure S4D ). The Lys-rich helix in EcoCas7 (also named K-vise), previously shown to be important for accommodating the PAM-proximal dsDNA, is replaced by a Lys-rich loop (aa144-148, KKTPK) at a shifted location in TfuCas7 ( Figure S4D ). TfuCas7 further displays a separate Lys-rich loop (aa101-106, KLEKEK, here named K-Rim) in the finger domain, which upon Cas7.1-6 oligomerization forms a continuous positive patch along the target DNA strand inside the groove, assisting nucleic acid recruitment ( Figure 2F ). Additionally, the TfuCse2 subunit is 30% larger than its E. coli counterpart; the T. fusca-specific features include a flexible internal loop (aa 91-136) and an a-helical C-terminal spike (aa 222-244) ( Figure S4C ). Both features contribute to the thermophilic adaptation of TfuCascade, as deletion of either region led to impaired R-loop formation efficiency, even at the permissive temperature ( Figure 2G ).
R-Loop Formation Introduces Severe DNA Bending in the Adjacent Region
The entire R-loop is resolved in the cryo-EM map of the TfuCascade/R-loop complex ( Figures 2B-2D ). The PAM-proximal side of dsDNA is bent 90 at the 3-bp PAM region by the N-terminal domain of Cse1 (Cse1_NTD). The two strands of DNA underneath the PAM bifurcate to form an elongated R-loop. The entire target DNA strand (TS) is well resolved, revealing its involvement in the formation of five 5-bp segments of heteroduplexes with the crRNA spacer, interspaced by a disrupted base-pair at every 6 th position ( Figures 2C, S3C ). The non-target DNA strand (NTS) is resolved at lower resolution due to the lack of sequence-specific contacts with TfuCascade. Tracing along the NTS, the first three nucleotides following PAM are clearly resolved, which travels toward the tip of the L3 loop in Cse1_NTD. The density then significantly weakens and becomes untraceable for the next 25 Å , only to reappear at the rim of the C-terminal domain of Cse1 (Cse1_CTD) as a corridor of density traveling along the backside of the two Cse2 subunits ( Figure 2B , Movie S1). A total of 14 nucleotides were modeled into this density; however, the nucleotide registers cannot be reliably assigned due to the limited resolution. Toward the end of the R-loop, the target DNA strand travels extra distances in a channel between Cse2.2 and Cas6d and re-anneals with the non-target strand on the backside of Cse2.2, leaning toward Cas6e ( Figure 2E ). The post-R-loop dsDNA orients at a 90 angle from the axis of the R-loop, and was modeled as an ideal A-form helix due to the reduced local resolution. Overall, the PAM-proximal and PAM-distal DNA duplexes are related by a Figure 2D ). This structural observation agrees with the EMSA migration behavior of the Cascade/R-loop, and the previous atomic force microscopy observation that Cascade sharply bends the dsDNA surrounding the R-loop (Westra et al., 2012) . In comparison, the R-loop formed by Cascade is different from that formed by Cas9 in many aspects, underlining their distinct evolutionary root (Jiang et al., 2016) . The dsDNA is bent to a much lesser extent before and after the R-loop in Cas9 (PDB: 5F9R), the R-loop is totally different in shape and directionality, and the target DNA strand forms a continuous 20-bp A-form heteroduplex with the crRNA instead of a distorted 32-bp heteroduplex involving multiple near A-form segments ( Figure 2H ).
An Asymmetric R-Loop Structure, Bulge Formation in the Non-target DNA Strand A surprising finding in our biochemical reconstitution was that while Cascade presenting a bifurcated R-loop mimic could recruit Cas3 just as efficiently (Huo et al., 2014) , only the full R-loop presenting Cascade, where both ends of the R-loop remained duplexed, further triggered the non-target DNA strand cleavage by Cas3 ( Figure 3A ). This suggests that a Cascade/ R-loop mimic structure is inadequate in explaining the Cas3-mediated DNA cleavage mechanism. Upon inspecting the TfuCascade/full R-loop structure, it became clear that the two strands of ssDNA travel unequal distances inside the R-loop. Whereas the 32-nt target DNA strand travels 175 Å , with an average phosphate-to-phosphate distance of 5.5 Å , the nontarget DNA strand travels only 130 Å along the Cascade surface, assuming that the flexible region of this strand travels in a similar fashion as seen in the EcoCascade/R-loop mimic structure ( Figure 3B ). Because ssDNA typically has a phosphate-tophosphate distance of 5-6 Å , the non-target DNA path can accommodate 22-26 nucleotides at most. At least five, most likely eight or more, nucleotides are unaccounted for if we assume the non-target DNA follows the path seen in the EcoCascade/R-loop mimic structure. We reason that the unaccounted nucleotides exist as a disordered bulge on top of Cse1-CTD ( Figure 3B ), which would rationalize why the EM density disappears in this region ( Figures 2B-2G ). Because the bulge is close to the putative Cas3 binding site (Hochstrasser et al., 2014) , this may serve as a convenient mechanism to hand over the non-target DNA to the HD nuclease center of Cas3 for strand-nicking ( Figure 3B ). This would explain why Cas3 only cleaves the non-target DNA strand in a full R-loop, but not in a bifurcated R-loop ( Figure 3A ), as the EcoCascade/bifurcated R-loop structure clearly showed that the bulge does not exist in the equivalent region due to the lack of dsDNA constraint at the PAM-distal region (Hayes et al., 2016) .
Two sets of biochemical experiments were designed to probe whether a flexible bulge is present in the Cascade/full R-loop complex. First, nucleotide insertion/deletions were introduced into the middle of the R-loop in the non-target strand to examine whether slack is present in the non-target DNA strand, and whether perturbing it may affect Cas3-mediated cleavage. On a perfectly base-paired dsDNA target marked by TfuCascade, Cas3 nicked the non-target DNA strand at three locations (PAM+7, +9, +11 nt) in the absence of ATP, and proceeded to processive degradation in the presence of ATP (Figures S1E-S1G). Up to five nucleotides could be deleted from the nontarget DNA strand without appreciable perturbation on the efficiency of Cas3-mediated DNA nicking. Deleting more nucleotides reduced non-target strand nicking eventually to the background level, whereas insertions, which introduced more slack to the non-target strand, led to more efficient DNA nicking (Figure 3C) . Interestingly, insertion of ten and deletion of five nucleotides only perturbed the Cas3 cleavage site preference by two nucleotides. This points to the existence of an intriguing ruler mechanism to measure and cleave the non-target strand DNA at a pre-determined distance from the PAM site. The extent of ATP-triggered processive degradation was perturbed to a similar extent by the insertions/deletions, which is consistent with the notion that the non-target strand nicking takes place before the processive degradation process ( Figure 3C ). Taken together, these observations support the notion that there is significant slack in the non-target strand of the Cascade-bound R-loop, and that generating this slack is a prerequisite for Cas3-mediated DNA degradation. Even stronger evidence came from the enzymatic probing assays, in which the ssDNA-specific endonucleases P1 and S1 both preferentially cleaved a region in the non-target DNA strand inside the TfuCascade/R-loop complex ( Figure 3D ). These cleavage sites overlapped with the predicted location of the bulge (nt 8-16 th ), hence directly proving that a flexible bulge is present in the TfuCascade/R-loop complex.
PAM Recognition
Common themes and individual differences in PAM recognition can be derived by comparing T. fusca and E. coli Cascade/ R-loop structures. PAM preference by TfuCascade was previously defined using in vivo interference assays (Huo et al., 2014) . These findings were consistent with the PAM readout from in vitro EMSA ( Figure S1D ). TfuCascade strongly specified dA NT -dT T in PAM-2, but tolerated promiscuity at PAM-1 and PAM-3 positions. Although the most preferred PAM sequence by TfuCascade, 5 0 -AAG reading from the non-target strand, also happens to be the most preferred PAM by EcoCascade, the latter recognizes its five interference PAMs in quite a different way. Comparison of the two Cascade/R-loop structures (Hayes et al., 2016) rationalizes their specificity differences. In both cases, PAM recognition features DNA minor groove recognition by Cse1-NTD, involving a Gly-rich loop ( Figures 4A, S3 ). How- ever, TfuCascade preferentially contacts the non-target strand, as opposed to interacting with the target strand, like EcoCascade. The glycine-rich loop in TfuCascade is significantly longer, and a SGM motif in this loop is responsible for PAM readout at all three base-pair levels ( Figures 4B and 4C) . TfuCascade specifies PAM-1 from the non-target strand side only, with two H-bonds from S194 to N3 and N2 amines of dG NT-1 ( Figures 4C and  4E ). In contrast, recognition of PAM-1 in EcoCascade is more stringent because it contacts nucleotides in both strands. Moving up, EcoCascade tolerates three basepair combinations at PAM-2 and only rejects the dC NT -dG T combination due to a steric clash. In contrast, TfuCascade exclusively specifies A NT-2 at PAM-2. This is achieved by the partial intercalation of the hydrophobic side chain of M196 between A NT-2 and A NT-3 , which severely bends DNA from the minor groove side (Figures 4C-4F ; Figure S3A , right). The intercalation is only possible because the featureless G195 residue enables a closer-than-normal minor groove contact. Presumably, guanosine is rejected in place of A NT-2 because the extra N2 amine in the minor groove side causes steric clashes, and pyrimidines are disfavored either because their tilted stacking with M196 is not as energetically favorable, or the base-paired purines nearby cause steric clashes with M196. The PAM-2 contact is reminiscent of a similar methionine intercalation-mediated di-adenosine readout by the minor groove recognizing HMG-box protein Lef-1 (Love et al., 1995) . The guanidinium group of R208 points toward PAM-3 from 4 Å away ( Figure 4C ; Figure S3A , left). It likely plays the equivalent role of the lysine finger in EcoCascade to recognize PAM-3 with favorable electrostatic contacts. These important structure features were evaluated by mutagenesis and EMSA ( Figure 4G ). Both M196A and G195A mutations reduce the target-binding affinity of TfuCascade by 25-fold, consistent with their essential roles in PAM recognition. R208A weakened DNA-binding by 5-fold. Unlike EcoCascade, TfuCascade further grips PAM from the target strand side using the L1 loop side of Cse1_NTD. The main chain amides of G158 and E159 make favorable electrostatic contacts to the phosphate of dT T-2 (Figure 4D) . A G158Y mutation intended to disrupt the phosphate contact weakened DNA-binding by 5-fold, whereas E159A had a negligible effect ( Figure 4G ). Importantly, both EcoCascade and TfuCascade insert a conserved Gln-wedge into the path of dsDNA underneath PAM. The tip of this b-hairpin is wider in TfuCascade, allowing it to flip out the first four nucleotides in both strands of DNA ( Figure 4A , 4C, S3B).
Structure Snapshot of T. fusca Cascade Opening a Seed-Bubble Since no structural information is available to explain the early events in the R-loop formation process, we set out to capture a structure snapshot of TfuCascade examining the seed sequence region of the protospacer. This is a hypothetical state that takes place after PAM recognition but before full R-loop formation (Rutkauskas et al., 2015; Semenova et al., 2011; Wiedenheft et al., 2011b) . Despite previous efforts, it remains unclear whether a seed sequence bubble intermediate stably exists, and if so, how many base pairs of DNA are unwound. Our KMnO 4 foot-printing data suggest a seed-bubble complex can be programmed by extended low-temperature incubation (over 24 hr at 12 C) of TfuCascade with an excess amount of dsDNA ( Figure 1C ). The cryo-EM 3D reconstruction of this complex was generated at an overall resolution of 3.8 Å (Figure S5) , which allowed the unambiguous tracing of backbones and most side chains. Because the sample was more heterogeneous, only 25% of the total particles were used for high-resolution 3D reconstruction. The rest of the 3D classes may represent TfuCascade in PAM-searching or other intermediate modes, and the heterogeneous DNA binding modes may have hampered high-resolution reconstruction. Tracing DNA inside the seed-bubble structure, the density features suggest that the dsDNA entry and PAM recognition mechanisms are identical between the seed-bubble and full R-loop states. However, only 11 nt of the target DNA strand could be traced in the R-loop region, which forms two 5-bp segments with the crRNA spacer ( Figures 5A and 5B ). Meanwhile, a 60 Å long rod-like density corresponding to the displaced non-target strand travels over the target strand binding canyon toward the finger domain of Cas7.4 ( Figures 5A and 5B) . The density suggests that this strand is deflected by the tip of the L3 loop in Cse1_NTD rather than traveling underneath it, as seen in the full R-loop structure ( Figures 5C and 2B) . The density feature is suggestive that the post-seed-bubble dsDNA exits TfuCascade from the finger domain of Cas7.4 ( Figure 5C , Movie S2). The overall curvature of dsDNA in the seed-bubble state is much less than that in the full R-loop state, which explains their migration differences in EMSA (Figures 5D-5E , S1I-S1J). Three structural elements in TfuCascade are crucial in bending and subsequent melting of dsDNA: the Gln-wedge of Cse1, the L3 loop of Cse1, and the K-vise in Cas7.4 ( Figure 5C ). Each of these elements plays an important function in the full R-loop state, here we show that they perform a different set of functions in the seed-bubble state. Indeed, Ala substitutions in the K-vise reduced the DNAbinding affinity by 5-fold, and decreased non-specific DNA binding dramatically (from 0.1-1 mM, Figure 5F ). The six K-vise motifs are spaced regularly along the Cas7.1-6 scaffold. We speculate that they may guide the sequential melting of dsDNA from the PAM side. Upon PAM recognition, the dsDNA substrate is held in the bent conformation by the three points of contact, leading to a spontaneous DNA melting transition ( Figure 5C ). The target strand is then captured by crRNA, forming the seed-bubble ( Figures 5C and 5E ). Afterward, during directional R-loop propagation, the dsDNA may melt in 6-bp steps and dwell on the K-vise of the next Cas7. Meanwhile, the non-target DNA strand travels in parallel on top of the target strand binding canyon. Upon complete R-loop formation, the non-target DNA strand is buried to the backside of the Cse2 dimer.
Cas3 Recruitment Is Specific to the Full R-Loop, but Not the Seed-Bubble Cascade Conformation
The mechanism of Cas3 recruitment by Cascade remains unclear. It was hypothesized that Cas3 selectively binds to the R-loop forming Cascade by distinguishing the conformational differences between the apo and R-loop forming Cascades. Here in the T. fusca type I-E system, we provided direct evidence supporting this hypothesis. First, the EMSA data revealed that the seed-bubble and full R-loop TfuCascade migrated as distinct conformers and that Cas3 selectively interacted with the full R-loop conformer ( Figure 6A ). Cryo-EM structures further defined the conformational differences between these two functional states. The TfuCascade/seed-bubble structure is similar to that of the apo EcoCascade, whereas the TfuCascade/full R-loop structure is similar to that of the R-loop forming TfuCascade and EcoCascade ( Figure S4A) . The large pivoting motion in Cse1_CTD and a correlated sliding motion in the Cse2 dimer (Jackson et al., 2014; Zhao et al., 2014; Mulepati et al., 2014; Hayes et al., 2016) have not taken place when TfuCascade opens the seed-bubble ( Figure 6B ). Importantly, in the seed-bubble state, the entire target strand binding canyon is accessible ( Figure 6C ). However, when TfuCascade undergoes conformational changes upon R-loop formation, the sliding motion of the inner belly aligns a negative patch on Cse2.1 and Cse2.2 with the corresponding K-Rim residues in Cas7.3 and Cas7.1, respectively ( Figure 6D ). The resulting salt bridge interactions (K97/K101/S94, L102/R93, K104/N23) seal the target strand binding canyon, locking the target DNA strand underneath ( Figure 6E ). The target strand locking contacts are not observed in the E. coli Cascade/R-loop mimic structure (Hayes et al., 2016) , and the involvement of the main chain contacts makes it hard to evaluate how conserved this mechanism would be among type I-E Cascades. However, our observation strongly agrees with the single molecule study showing that upon reaching the end of the protospacer, the R-loop becomes stably locked by the S. thermophilus type I-E Cascade (Rutkauskas et al., 2015) . Indeed, mutations aimed at disrupting the salt-bridges (N23A or R93A in Cse2, and D101-109/GG in Cas7) significantly altered the behavior of TfuCascade, leading to premature R-loop formation at previously non-permissive temperatures or less stable R-loops at high temperatures ( Figure 6F ). Because one of the two locks is located at the very end of the R-loop region, its presence suggests that the entire target DNA strand must have been engaged in heteroduplex formation with the crRNA spacer before the conformational changes took place to lock it underneath. Therefore, although the locking of the target DNA strand may not be conserved among all type I systems, its presence in the T. fusca system defines the timing of the conformational changes, which we now conclude must have happened after R-loop formation ( Figure 6G ).
DISCUSSION
Originally discovered as an RNA-guided immune system for antiviral defense in prokaryotes, the CRISPR-Cas systems have been repurposed for genome editing applications. The features that enable CRISPR-Cas systems to identify DNA targets efficiently and precisely are the very same characteristics highly sought after in practical applications. All DNA-targeting CRISPR systems invariably require a crRNA-guided R-loop formation process to identify a matching target. The process involves multiple steps to ensure efficiency and accuracy. It begins with protein-mediated PAM-recognition to reduce the search space, followed by seed-bubble formation to zoom in on a few potential matching protospacers, and finally a directional dsDNA unwinding/crRNA-DNA heteroduplex formation process to form the full R-loop structure. High-resolution structural information is essential for mechanistic understanding. This in turn inspires creative improvement of the genome editing tools . However, the available structures are limited to either the apo or post R-loop states for the single-component Cas9 and Cpf1 systems and the multi-component type I/III systems (Jiang and Doudna, 2015) . In this regard, the Cascade/seedbubble snapshot presented in this study is invaluable in capturing the early events in the R-loop formation process. The structure suggests that the PAM-recognition coupled DNA bending, rather than any protein motions in Cascade, drives the melting of dsDNA at the seed sequence region. The importance of DNA bending was not fully appreciated in the previous work because DNA was thought to travel in a straight path in the E. coli Cascade/R-loop structure (Hayes et al., 2016) . However, this finding should not come as a total surprise; in many processes DNA bending has been shown as an important element leading to DNA melting, although ATP-binding or hydrolysis is usually involved to compensate for the energy loss associated with DNA unwinding. For example, melting of the replication origin in prokaryotes involves the formation of a DnaA-dsDNA filament that bends dsDNA severely. This introduces negative superhelical strain that melts the downstream sequence; the bubble is then stabilized by the ATP-dependent DnaA-ssDNA filament formation (Duderstadt et al., 2011) . In Cascade, DNA bending is introduced during PAM recognition as the result of DNA minor groove recognition. In a recent review, Gorski et. al. pointed out that a universal theme in RNA-guided systems is to facilitate the directional guide RNA/target DNA annealing from the seed-sequence region, and to have a pre-organized A-form RNA guide by the seedsequence region to immediately compensate for the energy loss of DNA unwinding (Gorski et al., 2017) . These points are nicely illustrated in our Cascade/seed-bubble structure by the additional finding that a larger-than-expected seed sequence is examined by Cascade, through the formation of two 5-bp pseudo A-form crRNA/DNA heteroduplex. Several Cascade structure features play unexpected roles in the DNA bendingmelting transition. These elements are highly conserved in the E.coli Cascade, and equivalent elements are likely preserved in other type I systems. We are therefore one step closer to generating a movie to depict the crRNA-guided target-searching process in type I systems ( Figure 6G ). Whether a similar DNA bending-melting transition takes place in the R-loop formation process by the single-component CRISPR systems remains unclear due to the lack of early state structures (Gorski et al., 2017) . All DNA-targeting CRISPR systems utilize a single-stranded nuclease or nucleases to degrade matching targets. This reduces off-targeting, as the target DNA only becomes singlestranded after R-loop formation and, therefore, has been sequence validated by the crRNA guide. The mechanism to efficiently couple R-loop formation and substrate degradation steps was not fully understood. In type II systems, Cas9 encodes two integral nuclease domains, HNH and RuvC. Their activities are tightly controlled by the R-loop-dependent ssDNA exposure, and by additional conformational changes that reposition the nuclease domains (Jiang et al., 2016; Sternberg et al., 2015) . Similar mechanisms hold true to a large extent for Cpf1 and other single-component systems (Yamano et al., 2016) . For type I CRISPR systems, the previous consensus was that DNA degradation is tightly regulated at the Cas3 nuclease-helicase recruitment step-Cascade only recruits Cas3 after it has successfully opened an R-loop at the target DNA (Hayes et al., 2016; Hochstrasser et al., 2014; Huo et al., 2014; Mulepati and Bailey, 2013; Westra et al., 2012) . Our T. fusca type I-E study has provided unprecedented structure snapshots of the dynamic conformational transition leading to R-loop formation. There is a clear conformational difference between the seed-bubble and R-loop forming Cascade. The conformational change takes place upon the completion of the R-loop formation, and Cas3 selectively binds to Cascade in the full R-loop state. These observations point to the presence of a negative regulatory mechanism to prevent premature recruitment of the degradation factor Cas3, until the entire protospacer region in dsDNA has been sequence validated by Cascade ( Figure 6G ). Importantly, our data also reveal that a different mode takes place after Cas3 binding, in which Cascade actively promotes target degradation by creating a flexible bulge in DNA for Cas3 cleavage. This bulge facilitates the handover of the non-target DNA strand from Cascade to Cas3, to be efficiently nicked by the HD nuclease of Cas3 (Figure 6G) . Removal of this bulge prevents Cas3-mediated DNA nicking without affecting the efficiency of R-loop formation and Cas3 recruitment, underlining the importance of this activation mechanism. The nicked non-target DNA strand is possibly re-threaded through the helicase domains of Cas3, initiating the next phase of processive DNA unwinding and degradation ( Figure 6G ). We look forward to parallel mechanistic studies in other type I systems to cross-validate whether the two-tiered regulation of the degradation step may be a universal theme among type I CRISPR systems. Emerging Cascade structures from other type I systems are still not at sufficient resolution or are not programmed to the right functional state (Chowdhury et al., 2017; Hochstrasser et al., 2016) . The central theme in type I CRISPR systems appears to be stringency, established through a sequence of causal events. This may have given the type I system an evolutionary advantage, which explains why it is the most prevalent CRISPR-Cas system found today. 
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
METHOD DETAILS
Cloning, expression, and purification The expression and purification of T. fusca Cascade was adapted from a previous protocol (Huo et al., 2014) with some modifications. Specifically, cse1 and the cse2-cas7-cas5e-cas6e gene cassette were cloned into a modified Twin-Strep-SUMO-pET19b vector (Amp R ) and a pCDFDuet-1 vector (Str R ), respectively. A synthetic CRISPR locus containing 4 identical copies of the repeat-spacer sequences was cloned into the pRSFDuet-1 vector (Kan R ). All three plasmids were sequence verified and co-transformed into E. coli BL21 (DE3) star cells. The cell culture was grown in LB medium at 37 C until the optical density at 600 nm reached 0.8. Expression was induced by adding isopropyl-b-D-thiogalactopyranoside (IPTG) to a final concentration of 1.0 mM at 25 C overnight. Cells were harvested by centrifugation and lysed by sonication in buffer A containing 50 mM HEPES pH 7.5, and 500 mM NaCl. The lysate was centrifuged at 15,000 rpm for 60 min at 4 C, and the supernatant was applied onto the pre-equilibrated Strep-Tactin Superflow resin (IBA, Gö ttingen, Germany). After washing with 100 mL of buffer A. The protein was eluted with buffer B (50 mM HEPES pH 7.5, 500 mM NaCl, and 5 mM desthiobiotin), and the eluted proteins were incubated with SUMO-protease at 4 C overnight. The TfuCascade was further purified with size-exclusion chromatography (SEC, HiLoad 16/60 Superdex 200; GE Healthcare) equilibrated with buffer C (10 mM HEPES pH 7.5, 150 mM NaCl, 5 mM DTT), the peak fractions were pooled and snap-frozen in liquid nitrogen for later usage ( Figure S1A ). The assembly of TfuCascade/R-loop and TfuCascade/seed-bubble is described in detail in the results section. The sequences of the oligos used in preparing DNA substrates for biochemical and structural studies are documented in the Key Resources Table. Electrophoretic mobility shift assay The protospacers with an AAG PAM were cloned into the pCDFDuet-1 vector between the BamHI and XhoI sites. The substrates were PCR amplified from the plasmids by using the fluorescent T7 primers and subsequently gel-purified. The dsDNA substrates produced this way are 276-bp in length, with a 5 0 -6FAM label at the non-target strand. DNA binding was carried out in 20 mM HEPES-NaOH, pH 7.5, 150 mM NaCl, and 5% glycerol. 3 nM of dsDNA was incubated with titrations of TfuCascade at 60 C for 30 min. EMSA was performed at 4 C on 2% agarose gels. Fluorescent signals were recorded using a Typhoon 9200 scanner.
Chemical and enzymatic probing analysis
The protocol for chemical probing with KMnO 4 was modified from the previous publication . In detail, 3 nM of the 276-bp dsDNA substrates containing a 5 0 -6FAM label at the non-target strand was incubated with 50 nM Cascade in the 70 mL binding buffer containing 20 mM HEPES pH 7.5, 150 mM NaCl, and 5% glycerol. After incubation at the indicated temperatures for 30 min, 20 mL of each reaction was aliquoted for EMSA. The remaining 50 mL was supplemented with 5.5 mL of 16 mM KMnO4, and incubated at 30 C for 2 min. The permanganate modification was stopped by the addition of 6.5 mL of b-mercaptoethanol and 6.5 mL of 500 mM EDTA. After phenol-chloroform extraction and ethanol precipitation, the nucleic acid pellets were resuspended in 50 mL of 10% piperidine and incubated at 90 C for 30 min to induce cleavage at the modified residues. For enzymatic probing with P1 nuclease (US Biological) or S1 nuclease (Thermo Scientific), 40 mL of the Cascade-DNA complexes was supplemented with 10 mL reaction buffer (200 mM sodium acetate pH 5.3, 10 mM ZnSO 4 ), and incubated with 1 unit of nuclease at 25 C for 30 min. The cleavage reactions were stopped by the addition of EDTA to a final concentration of 20 mM. After phenol-chloroform extraction and ethanol precipitation, the pellet was resuspended and separated on a 10% denaturing polyacrylamide gel. The size markers were PCR amplified individually from the same dsDNA substrates using the same 5 0 -6FAM labeled forward primer and a reverse primer starting from different positions along the substrate. Fluorescent signals were recorded using a Typhoon 9200 scanner.
Cascade-mediated Cas3 DNA cleavage assay The TfuCas3 protein was expressed and purified following the established protocol (Huo et al., 2014) . The dsDNA substrate was PCR generated from 5 0 -fluorescently labeled primers. The pre-formed TfuCascade/R-loop complex was mixed with 100 nM of TfuCas3 in a cleavage buffer containing 10 mM HEPES pH 7.5, 150 mM NaCl, 10 mM MgCl 2 and 100 mM CoCl 2 , and the reaction was incubated at 55 C for 30 min. Afterward, nucleic acids were phenol-chloroform extracted and separated on a 10% denaturing polyacrylamide gel. Fluorescent signals were recorded on a Typhoon 9200 scanner.
EM data acquisition 2.5 ml of 0.8 mg/ml SEC-purified Cascade complexes were applied to a glow-discharged Quantifoil holey carbon grid (1.2/1.3, 400 mesh). Grids were blotted for 2.5 s at 85% humidity and plunge-frozen in liquid ethane using a Cryoplunge 3 System (Gatan). Cryo-EM images were manually collected on a TF30 Polara electron microscope (FEI company) operated at 300 kV and equipped with a K2 Summit direct electron detector (Gatan), as previously described with minor modifications (Ru et al., 2015) . The total exposure time of each movie stack was 7.2 s, leading to a total accumulated dose of 49.2 electrons per Å 2 fractionated into 36 frames (200 ms per frame).
Image processing EM image processing was carried out as previously described with minor modifications (Ru et al., 2015) . Dose fractionated superresolution movie stacks collected from the K2 Summit direct electron detector were binned 2 3 2 to a pixel size of 1.238 Å , and then subjected to motion correction using MotionCor2. A sum of all 36 frames of each movie stack was calculated following a doseweighting scheme (Grant and Grigorieff, 2015) , and used for all following steps of image processing except defocus determination. Defocus values were calculated with the sum of all movie frames without dose weighting, using the program CTFFIND3 (Mindell and Grigorieff, 2003) . 2D classification, 3D classification and 3D refinement were carried out using RELION (Scheres, 2012) . All refinements followed the gold-standard procedure, in which two half datasets were refined independently. RELION 'post-processing' was used to estimate resolution based on the Fourier shell correlation (FSC) = 0.143 criterion after correcting for the effects of a soft shape mask using high-resolution noise substitution (Chen et al., 2013) . The overall resolution of the open seed-bubble cryo-EM map (3.8 Å ) was estimated based on the FSC = 0.5 criterion instead, to better match the map quality and the validation FSC curves using half data-refined maps and atomic model. Local resolution variations were estimated from two half data maps using ResMap (Kucukelbir et al., 2014) . Amplitudes of the final maps were corrected by applying a negative B-factor using RELION 'post-processing'. The detailed data processing and refinement statistics for the two cryo-EM structures is summarized in Table S1 .
QUANTIFICATION AND STATISTICAL ANALYSIS
All experiments were conducted with at least three biological replicates (n = 3). Cryo-EM data collection, refinement, and validation statistics are reported in Table S1 .
DATA AND SOFTWARE AVAILABILITY
The cryo-EM density maps of TfuCascade/full R-loop and TfuCascade/seed-bubble have been deposited in the Electron Microscopy Data Bank under accession numbers EMD: 8478 and EMD: 8477, and the coordinates for the corresponding atomic models have been deposited in the Protein Data Bank under accession numbers PDB: 5U0A and 5U07. A. Representative cryo-EM image and B. 2D averages of TfuCascade/full R-loop particles. C. 3D classification and refinement procedures. Three types of 3D reconstructions reached < 4.0 Å resolution. They differ by the presence/absence of PAM-distal dsDNA density, and the density features also differ slightly at the non-target strand gap region (red circles). The final 3D refinement after combining the cryo-EM particles from all good classes generated a density map at 3.3 Å resolution. D. Two different views of the cryo-EM density maps refined using the particles representing the conformations of type 1, 2, and 3. All three maps are low-pass filtered to 6 Å resolution. Major density feature differences are highlighted in the red circles. E. Final 3D reconstruction (left) and its cross-sectional view (right), colored according to local resolution. F. Histogram of voxels with different local resolution. G. Gold-standard FSC curves between two half maps that were calculated from two half datasets (in red), between the summed map and the final atomic model (in blue), between half map 2 and the atomic model refined against half map 1 (in green). H. Euler angle distribution of cryo-EM particles for calculating the final EM map. The height of each bar indicates the number of particles in a particular orientation. A. Overall structure alignment between TfuCascade/full R-loop (colored according to Figure 2 ) and EcoCascade/R-loop mimic (PDB: 5H9E, proteins in blue, nucleic acids in magenta) structures. Major structural differences found in the TfuCascade/full R-loop structure are enumerated in text. B. Structure alignment of Cse1 in two structures. Note domain orientation differences as well as different structure features in Cse1_NTD. C. Structure alignment of Cse2. TfuCse2 contains a large flexible internal loop and an extension at the C-terminal helix. D. Structure alignment of Cas7. Note the finger domain differences, the K-vise location difference, and the K-Rim location in TfuCas7. E. Structure alignment of Cas5e. F. Structure alignment of Cas6e. The two Cas6e structures are superimposable because the EcoCas6e structure was rigid-body docked into the low-resolution TfuCascade/full R-loop EM density without further refinement. Note the differences in the spacer region of the crRNA, due to a slightly extended Cas7 backbone conformation in TfuCascade/full R-loop structure. A. Representative cryo-EM image and B. 2D averages of TfuCascade/seed-bubble particles. C. 3D classification and refinement procedures. The reconstructions from the class V (''type 1'' conformation) and class VI (''type 2'' conformation) in the last round of 3D classification are essentially identical except for the length of the target DNA strand density. The final 3D refinement after combining the cryo-EM particles from both good classes generated a density map at 3.8 Å resolution. D. Two different views of the cryo-EM density maps refined using the particles representing the conformations of type 1, type 2 or both types. All three maps are low-pass filtered to 6 Å resolution. E. Final 3D reconstruction (left) and its cross-sectional view (right), colored according to local resolution. F. Histogram of voxels with different local resolution. G. Gold-standard FSC curves between two half maps that were calculated from two half datasets (in red), between the summed map and the final atomic model (in blue), and between half map 2 and the atomic model refined against half map 1 (in green). H. Euler angle distribution of cryo-EM particles for calculating the final EM map. The height of each bar indicates the number of particles in a particular orientation.
